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Abstract 1 
Biliary polycyclic aromatic hydrocarbon (PAH) and alkylphenol (AP) metabolites, 2 
hepatic gene expression and corresponding enzyme activities were determined in the 3 
deep-sea fish Alepocephalus rostratus from two sites within the Mediterranean. Biliary 4 
metabolites included the hydroxylated PAH metabolites (OH-PAHs) 1-naphthol, 2-5 
naphthol, 9-fluorenol, 9-phenanthrol and 1-pyrenol and the APs 4-nonylphenol (NP) 6 
and 4-tert-octylphenol (OP). Five biomarker genes, namely cytochrome P450 1A 7 
(CYP1A), vitellogenin (Vtg), catalase (CAT), Cu/Zn-superoxide-dismutase (Cu/Zn-8 
SOD) and glutathione reductase (GR) were quantified using qRT-PCR. Moreover, 9 
corresponding enzyme activities (EROD, CAT, SOD and GR) were also determined. 10 
The ΣOH-PAHs detected ranged from 21.1-300.3 ng/g bile and were mainly comprised 11 
of 1-naphthol. Both, NP and OP metabolites were detected in all samples with 12 
concentrations ranging from 17.4-107.2 ng/g bile and 4.9-17.3 ng/g bile, respectively, 13 
and levels were significantly higher in samples from the western Mediterranean (WM) 14 
compared to those from the Catalan slope (CS). Accordingly, gene expression was 15 
significantly induced in male fish from the WM, however, these results were not 16 
reflected in enzyme activity levels. In particular, males caught at 2000 m in the WM 17 
exhibited 35-times higher Vtg levels compared to those from the CS, suggesting that 18 
endocrine-disrupting effects may potentially be occurring in such remote environments 19 
as the deep-sea.  20 
 21 
Keywords: gene expression, biomarkers; vitellogenin (Vtg); alkylphenols (AP); 22 
polycyclic aromatic hydrocarbons (PAH); bile metabolites, deep-sea fish; 23 
Mediterranean 24 
25 
Page 2 of 22
ACS Paragon Plus Environment
Environmental Science & Technology
1
2
3
4
5
6
7
8
9
10
11
12
13
14
15
16
17
18
19
20
21
22
23
24
25
26
27
28
29
30
31
32
33
34
35
36
37
38
39
40
41
42
43
44
45
46
47
48
49
50
51
52
53
54
55
56
57
58
59
60
3 
 
Introduction  1 
For a long time the deep-sea was considered a relatively pristine environment due to its 2 
remoteness from anthropogenic pollution sources. However, over the last decades 3 
research has shown that the deep-sea may actually act as a sink for persistent 4 
contaminants that enter the marine environment 
1-5
. Among these contaminants, 5 
polycyclic aromatic hydrocarbons (PAHs) have been shown to be  transported to deeper 6 
waters by sinking particles 
6
, where they accumulate in deep-sea organisms 
7-8
. PAHs 7 
are a unique class of ubiquitous persistent pollutants, originating from natural and 8 
anthropogenic sources such as incomplete combustion processes (pyrogenic) and the 9 
release of crude oil and petroleum products (petrogenic).  10 
Alkylphenols (APs) represent a class of nonionic surfactants that are extensively used in 11 
detergents, pesticide formulations, fuel, lubricants and many other industrial products, 12 
with octylphenol and nonylphenol ethoxylates being the most common surfactants 13 
applied. APs are released via municipal wastewater or directly discharged into the 14 
environment, where they degrade to more persistent and toxic shorter-chain compounds 15 
such as nonylphenol (NP) and octylphenol (OP) 
9
. Many studies have found AP 16 
metabolites in a wide range of environmental samples 
9-10
 and there has been growing 17 
concern on the toxicity of these compounds due to their ability to mimic natural 18 
hormones by interfering with the estrogen-receptor 
11
. However, little is known about 19 
the environmental fate of APs in the marine environment and only few studies have 20 
addressed the issue of AP exposure in marine organisms 
10
. Moreover, the presence of 21 
APs has thus far not been investigated in deep-sea biota, although a study by Kannan et 22 
al. 
12
 detected a peak of NP in Japanese waters at 1000 m depth.  23 
Once taken up by an organism, xenobiotic compounds including PAHs and APs 24 
undergo a series of biotransformation processes, before being excreted through the bile 25 
as hydroxylated and/or conjugated metabolites. Thus, biliary metabolites of these 26 
contaminants can be used as exposure markers in fish 
13
. Furthermore, the activation of 27 
enzymatic biotransformation systems and subsequent effects on, for instance, 28 
antioxidant responses can serve as ecotoxicological tools to assess the exposure to these 29 
pollutants 
14
.  30 
The cytochrome P450 (CYP) system plays a key role in the Phase I metabolism of many 31 
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xenobiotics. In fish, CYP1A induction has been used as a robust biomarker to assess the 1 
exposure to organic contaminants such as PAHs and polychlorinated biphenyls (PCBs) 2 
15-16
. Moreover, the exposure to organic pollutants can also cause oxidative stress due to 3 
the generation of reactive oxygen species (ROS) 
17
. Increased oxidative stress can lead 4 
to the induction of antioxidant enzymes such as catalase (CAT), superoxide-dismutase 5 
(SOD) and glutathione reductase (GR) as a protective mechanism against these 6 
oxidative radicals 
17-18
. The induction of vitellogenin (Vtg) has been used as a marker to 7 
assess the exposure of aquatic organisms to xenoestrogens 
19
. Vitellogenins are the 8 
precursors of the egg-yolk proteins vitellins and their production is under the control of 9 
the estrogen receptor in vertebrates. Vtg levels generally increase during sexual 10 
maturation of females, but are usually undetectable in males 
20
. However, exposure to 11 
estrogenic compounds including APs, can lead to the expression of Vtg genes in males, 12 
as has been observed in laboratory as well as field studies on freshwater and marine fish 13 
21-25
.  14 
The objectives of the present study were to assess the PAH and AP exposure in the 15 
deep-sea fish Alepocephalus rostratus, together with the activity of hepatic enzymatic 16 
activities (i.e. EROD, CAT, GR and SOD) that are widely used as biomarkers. 17 
Additionally, gene expression profiles of CYP1A, CAT, GR, Cu/Zn-SOD and Vtg were 18 
determined using qRT-PCR. Particular emphasis was placed on the detection of Vtg 19 
mRNA levels as a marker of estrogenic exposure. The present work is the first study to 20 
assess biliary AP metabolites and to apply quantitative gene expression biomarker 21 
techniques to deep-sea fish. 22 
 23 
Experimental section 24 
Sample collection 25 
Specimens of A. rostratus were collected from the Catalan slope (CS) during February 26 
2009 (bottom temperature 13.1 ºC) and the western Mediterranean (WM) during May 27 
2009 (bottom temperature 13.1 ºC) (Figure 1), using an OTMS otter trawl  
26
 at 1500 m 28 
depth on the CS and 1200 m and 2000 m in the WM. Sample details are provided in 29 
Table 1. A. rostratus is a demersal fish species with a relatively wide depth distribution 30 
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(300-2300 m), with an abundance peak between 1000 m and 1500 m depth. It is mainly 1 
found in the western Mediterranean, where it represents one of the most abundant 2 
megafauna species and mainly feeds on gelatinous macroplankton 
28
. Previous studies 3 
have found mature individuals of A. rostratus all year round, although a clear peak in 4 
spawning activity was observed during summer and autumn 
29
. The maturity stage of 5 
the sampled individuals is also presented in Table 1, based on a five-point scale by 6 
Brown-Peterson et al. 
27
 (1: immature; 2: developing-regenerating; 3: spawning capable; 7 
4: actively spawning; 5: regressing). Onboard, the bile and liver were dissected and 8 
immediately frozen at -20 ºC and -80 ºC, respectively, until further treatment. 9 
Analysis of hydroxylated PAHs and alkylphenol metabolites in bile 10 
Bile samples were analyzed as described in Fernandes et al. 
30
. Briefly, 100 mg of bile 11 
was incubated for 1 h at 40 ºC in 1 mL 0.4 M acetic acid/sodium acetate buffer pH 5.0, 12 
containing 2000 U of β-glucuronidase and 50 U sulfatase. The bile of two or more 13 
individuals was pooled if the amount of sample was <100 mg. Before analysis, 14 
hydrolyzed samples were derivatized by the addition of 100 µL bis-15 
(trimethylsilyl)trifluoroacetamide (BSTFA) and samples were left to stand overnight at 16 
room temperature. Analyses were carried out by gas-chromatography-mass 17 
spectrometry (GC-MS-EI). The derivatized ions used for the quantification of 18 
hydroxylated-PAHs were: m/z 216 and 201 for 1-naphthol; m/z 254 and 165 for 9-19 
fluorenol; m/z 266 and 251 for 9-phenanthrol; and m/z 290 for 1-pyrenol. The ions used 20 
for monitoring and quantification of APs were: m/z 207 and 193 for 4-nonylphenol 21 
(NP) and m/z 207 for 4-tert-octylphenol (OP). Concentrations are expressed as ng/g 22 
bile. Detection limits were calculated as signal to noise ratio of 3:1 and were in the 23 
order of 1-5 pg for OH-PAHs and 10 pg for NP and 7 pg OP. Sample sizes were OS (n 24 
= 12) and BC (n = 9). 25 
Enzymatic activities 26 
A portion of liver (approx 0.5 g) was homogenized 1:4 (w:v) in a 100 mM phosphate 27 
buffer pH 7.4 containing 150 mM KCl, 1 mM dithiotreitol (DTT), 0.1 mM 28 
phenylmethylsulfonyl fluoride (PMFS) and 1 mM ethylenediaminetetraacetic acid 29 
(EDTA). The homogenate was centrifuged at 10,000 g for 30 min and the supernatant 30 
(S9) was used for biochemical analyses. 31 
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All assays were carried out in triplicate at 25 ºC, except if specified differently, in a 96-1 
well format using a TECAN™ Infinite M200 microplate reader as described in 
31
. 2 
Briefly, CAT activity was measured as absorbance decrease at 240 nm for 1 min  using 3 
50 mM H2O2 as substrate (ε = 40 mol
-1 
* cm
-1
) and a 100 mM phosphate buffer pH 6.5 4 
32
. GR activity was measured as decrease in absorbance at 340 nm for 3 min using 0.09 5 
mM nicotinamide adenine dinucleotide phosphate (NADPH) (ε = 6.22  mmol
-1 
. cm
-1
) 6 
and 0.9 mM oxidized glutathione (GSSG) as substrate 
33
. SOD activity was determined 7 
as inhibition of the reduction of cytochrome c at 550 nm, following the method for 8 
microplate format as described in Kopecka-Pilarczyk and Correia 
34
. The reaction 9 
contained 50 µM hypoxanthine, 1.8 mUml
-1
 xanthine oxidase and 10 µM cytochrome c. 10 
EROD activity was measured kinetically at 30 ºC based on the procedure by Burke and 11 
Mayer 
35
, using 7-ethoxyresorufin (3 µM) as substrate and 0.2 mM NADPH. Protein 12 
content was determined according the method by Bradford 
36
, using bovine serum 13 
albumin as standard (BSA 0.1–1 mg/ml).  14 
Quantitative real-time PCR (qPCR) 15 
A standard curve containing six dilution series of pooled cDNA samples (40 ng-1.25 16 
ng) was used to ensure an optimized assay for each primer pair (efficiency 100 % ±  17 
5%). The qPCR was performed in an iQ5 Thermal cycler (Bio-Rad) on a 96-well qPCR 18 
plate (4titude). The amplification reaction was performed in duplicates using the 19 
fluorescent dye iQ
TM
 SYBR
®
Green Supermix (Bio-Rad) with 20 ng sample cDNA 20 
resulting in a final reaction volume of 20 µl/well. Respective primer had a ‘non template 21 
control’ (NTC) in the amplification reaction to control for primer and mastermix 22 
contamination. PCR was achieved by a 1 min activation step at 95 °C, followed by 40 23 
cycles of a 20 s denaturing step at 95 °C, a 20 s primer annealing step at 60 °C and a 30 24 
s elongation step at 72 °C. A melting curve was performed at each run in order to 25 
confirm specific amplification of each sample. An accepted Ct-value of NTC and NoRT 26 
samples was set to be either non-detectable or >32 cycles. Housekeeping gene 27 
expression was used to normalize quantitative PCR cycle threshold (Ct) data 28 
37
. However, previous studies have shown that the expression of commonly used 29 
reference genes can also be altered by toxicological processes 
38-39
. Therefore, in the 30 
present work the geometric mean of three reference genes, namely β-actin, elongation 31 
factor 1a (EF1a) and ribosomal RNA 12S, was used to minimize the potential 32 
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variability of housekeeping gene expression. The calculated geometric mean of 1 
reference gene values did not differ between sites (p = 0.9). 2 
Statistical analysis 3 
Data were tested for normality (Shapiro-Wilk’s test) and homogeneous variance 4 
(Levene’s test). For bile metabolites, data were found to satisfy both assumptions and 5 
site comparisons were performed using the parametric Student’s t-test. For biomarker 6 
and gene expression data, the assumptions of normality and homogeneous variance 7 
were not satisfied and differences between sites were analyzed using the Mann-Whitney 8 
U test. Correlations were determined using the Spearman’s rank correlation (ρ) to 9 
account for non-linear relationships. Differences at the 5% significance level were 10 
considered significant.  11 
 12 
Results and discussion 13 
Bile metabolites 14 
The levels of biliary ΣOH-PAHs detected in A. rostratus varied between 21.1 and 300.3 15 
ng/g bile (Table 2). Of the five PAH metabolites analyzed, 1-naphthol represented on 16 
average 90 % of ΣOH-PAHs, with levels ranging from 15.5 to 287.3 ng/g bile, while the 17 
concentrations for 2-naphthol, 9-fluorenol, 9-phenantrol and 1-pyrenol were relatively 18 
low or below detection limits (Table 2). Although pyrenol has been regarded as the key 19 
PAH metabolite in fish 
40
, this compound was almost not detectable in the present 20 
study. The high abundance of naphthol indicates a petrogenic origin of PAH 21 
contamination, similar to results found in two fish species sampled along the northern 22 
Iberian shelf off Galicia 
30
, but in contrast to previous results on PAH metabolites in A. 23 
rostratus from the NW Mediterranean, where pyrenol was the dominant biliary 24 
metabolite 
8
. ΣOH-PAHs levels were slightly higher than those measured for fish from 25 
the northern Iberian shelf, Atlantic Sea 
30
, but similar to previous results reported for A. 26 
rostratus from the NW Mediterranean 
8
. 27 
To our knowledge, the present study is the first to determine AP metabolites in deep-sea 28 
fish. NP and OP were present in all bile samples, with concentrations of OP 29 
Page 7 of 22
ACS Paragon Plus Environment
Environmental Science & Technology
1
2
3
4
5
6
7
8
9
10
11
12
13
14
15
16
17
18
19
20
21
22
23
24
25
26
27
28
29
30
31
32
33
34
35
36
37
38
39
40
41
42
43
44
45
46
47
48
49
50
51
52
53
54
55
56
57
58
59
60
8 
 
approximately 5 times lower than NP (Table 2). Only a limited number of field studies 1 
have measured AP metabolites in fish bile and the levels of NP and OP detected in the 2 
present study are within the same range of concentrations found in the previously-3 
mentioned study from the northern Iberian shelf 
30
, but lower than the concentrations 4 
observed in bile of the red mullet (Mullus barbatus) from the NW Mediterranean 
41
. 5 
Although there is no data available for deep sea fish species, considering the relatively 6 
short half-life of APs in fish bile of shallow water fish, the detected AP residues in A. 7 
rostratus may also represent signals of ongoing and not historic exposure to these 8 
compounds 
42
. Regardless, the detection of APs in bile of fish sampled at up to 2000 m 9 
depth, clearly shows that these contaminants are transported to the deep-sea and 10 
potentially taken up by  deep-sea organisms. 11 
Statistical analyses revealed that biliary NP (t =  -2.7 p = 0.012) and OP levels (t =  -5.6 12 
p < 0.0001) were significantly higher in samples from WM compared to CS. Although 13 
ΣOH-PAH levels also appeared higher at WM compared to CS, no significant 14 
differences in OH-PAH levels were detected between the two regions (Table 2). These 15 
results, at least for APs, indicate higher contaminant exposure in fish collected at WM 16 
compared to those from the CS, potentially reflecting a higher contaminant input to that 17 
area. This apparent pollution difference between the two sites is somewhat surprising 18 
considering that the WM area is relatively distant from the coastal mainland and is 19 
thought to present relatively low contamination levels as no major industrial pollution 20 
sources are known to exist in that area 
43
. The main pollution sources at the Balearic 21 
Islands include shipping-, agricultural- and tourism-related activities 
44
, potentially 22 
causing the release of APs into the aquatic environment through the use of surfactant-23 
containing pesticides, cleaning products, detergents as well as household and personal 24 
care products 
10
.  25 
However, it is also noteworthy that samples from CS and WM were collected at 26 
different times, namely in February and in May 2009, respectively. To what extent this 27 
time lag influenced the pollutant exposure levels in A. rostratus is difficult to assess.  28 
Gene expression and biomarker responses  29 
The gene expression of EROD, CAT, GR and Cu/Zn-SOD exhibited significantly 30 
higher expression levels in male fish at the WM than at the CS site, but not in females 31 
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(Figure 2). The transcriptomic response pattern is in accordance with the biliary PAH 1 
and AP metabolite profile, indicating higher pollution exposure in fish from the WM 2 
compared to those from CS. Previous studies reported an induction of the gene 3 
expression of CYP1A 
45-48
, as well as antioxidant enzymes, such as CAT and SOD, in 4 
fish exposed to PAHs 
49
. Moreover, APs have also been shown to enhance oxidative 5 
stress in Atlantic cod 
50
, suggesting that the induced antioxidant responses at the gene 6 
transcription level could reflect the higher PAH and/or AP exposure in fish from the 7 
WM.  8 
However, it should be noted that the induction levels observed in the present study, 9 
ranging from 63-181% in males, are relatively low, as compared to, for instance, a 5-10 
fold difference in CYP1A expression between mummichogs (Fundulus heteroclitus) 11 
from a PAH contaminated and a reference site 
45
. Similarly, George et al. 
48
 observed 12 
50-fold difference in CYP1A mRNA levels between European flounders (Platicthys 13 
flesus) collected from an unpolluted and a heavily-contaminated estuary in the UK. 14 
Both of these field studies were conducted in heavily polluted estuarine environments. 15 
A less marked difference in gene transcript levels between sites in this study is in 16 
accordance with the small difference in biliary PAH metabolites, but also the 17 
simultaneous exposure to other compounds such as APs, which may downregulate 18 
CYP1A expression via crosstalk between the estrogen receptor (ER) and the aryl 19 
hydrocarbon receptor (AhR) 
51-54
.  20 
With regard to the expression level of Vtg, a 35-fold induction was observed in males 21 
from WM compared to those from CS, while females exhibited similar levels at both 22 
sites (Figure 2). The fact that Vtg expression in male fish is usually related to exposure 23 
to estrogenic contaminants and not affected by their maturity stage 
23, 55
 suggests that 24 
endocrine-disrupting effects may have occurred in male A. rostratus up to depths of 25 
2000 m as a result of higher AP exposure or other endocrine-disrupting chemicals. The 26 
lack of Vtg induction in female fish following AP exposure suggests that the presence 27 
of estrogenic sex hormones potentially masked the contaminant exposure signal. In 28 
some fish species, female Vtg levels increases up to a million-fold during the seasonal 29 
reproductive cycle 
23
, which is also reflected in the 3 to 4 orders of magnitude higher 30 
levels in female A. rostratus compared to males (Figure 2). The magnitude of the Vtg 31 
response detected in male fish is comparable to previous results from field studies 32 
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conducted in heavily impacted freshwater and coastal environments. For instance, the 1 
previously mentioned study by George et al. 
48
 found 5-20 times higher Vtg mRNA 2 
levels in male flounder from a highly polluted estuary. Similarly, Burki et al. 
56
 3 
observed no induction of Vtg mRNA in feral, but a 10-fold increase in caged brown 4 
trout (Salmo trutta) sampled in a Swiss river downstream of a sewage treatment plant. 5 
These findings further highlight the importance of the present results, indicating a 6 
significant exposure of A. rostratus from WM to estrogenic compounds. 7 
The fact that male fish showed a more marked transcriptomic stress response than 8 
females for the previously discussed biomarker genes (Figure 2) is in accordance with 9 
previous studies that reported different effects of estrogenic compounds on male and 10 
female fish biomarker responses. In particular, Seo et al. 
57
 reported gender differences 11 
in the expressions of androgen and estrogen receptor genes in killfish (Rivulus 12 
marmoratus) after NP exposure. Moreover, alkylphenol treatment resulted in different 13 
redox status modulations in male and female Atlantic cod (Gadus morhua) 
50
. Similarly, 14 
the laboratory waterborne exposure of fathead minnow (Pimephales promelas) to the 15 
estrogen 17β-estradiol resulted in differential response patterns between sexes for a 16 
number of genes 
58
. Another interesting finding is the fact that expression levels of all 17 
five biomarker genes exhibited significant positive relationships in males, while in 18 
females the antioxidant genes CAT, Cu/Zn-SOD and GR were correlated among each 19 
other and a significant relationship between CYP1A and CAT was observed (Table 3). 20 
Moreover, Vtg did not correlate with any other biomarker gene in females, suggesting 21 
that, in contrast to males, its expression in females was not related to estrogenic 22 
contaminant exposure due to the overriding signal of gonad developmental processes. 23 
Overall, this result further highlights the importance of determining potential 24 
differences in pollution responses between sexes when conducting biomonitoring 25 
studies. In our case, male A. rostratus appear to be more adequate for monitoring 26 
purposes than females due to their higher responsiveness at the gene expression level 27 
and the fact that Vtg mRNA in males can be used as marker for estrogenic exposure.  28 
In contrast to gene expression results, biomarker enzyme activities, with the exception 29 
of SOD, did not differ significantly between sites for both genders (Figure 3). 30 
Furthermore, no significant relationships were detected between gene expression and 31 
catalytic activities of a specific biomarker. In general, these biomarker responses vary 32 
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correspondingly and correlate between each other, with modulations at the gene 1 
expression level usually preceding changes in enzymatic activities 
59
. However, some 2 
studies have reported a lack of correlation between transcriptomic and catalytic 3 
responses, potentially due to differential regulatory mechanisms and the delayed timing 4 
of post-transcriptional responses and protein synthesis following pollutant exposure 
60
. 5 
Particularly in field conditions, where organisms are typically exposed to complex 6 
contaminant mixtures over long time-periods, the dissociation between transcriptional 7 
and catalytic responses may even be more pronounced. For instance, several studies 8 
have documented differential response trends between transcript expression of genes 9 
and the catalytic activities of their respective products, including CYP1A gene 10 
expression and EROD activity 
48, 61-63
 as well as antioxidant gene expression and their 11 
enzyme activities 
60, 64
.  12 
Furthermore, as mentioned for the biliary metabolite analysis, the time lag between 13 
sampling periods may have influenced the biomarker response pattern. In fact, in a 14 
previous studies we found significant seasonal variation in enzyme activities of A. 15 
rostratus, including EROD and antioxidant responses 
65
. However, the seasonal pattern 16 
appeared to be mainly related to fluctuations in reproductive activity and was mainly 17 
observed in females. In the present study, maturity stages were similar between the 18 
individuals sampled at both sites, particularly in females no differences in gonad 19 
development between CS and WM were observed (see Table 1). Thus, it is likely that 20 
the difference in timing of sampling did not affect the biomarker levels in A. rostratus. 21 
The present study has shown that deep-sea fish dwelling at depths up to 2000 m were 22 
exposed to PAHs and APs, with higher metabolite levels detected in bile samples from 23 
the WM region. To our knowledge, this is the first study showing significant exposure 24 
to AP in a deep-sea fish species. Moreover, Vtg mRNA levels were significantly 25 
induced in males from WM, showing that endocrine-disrupting effects, potentially 26 
related to AP exposure, may be occurring in such remote environments as the deep-sea. 27 
In accordance with chemical results, gene transcript levels also indicated higher 28 
pollutant exposure in male fish sampled at WM compared to those from CS area. 29 
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Table 1Biological characteristics and sample sizes (N) of Alepocephalus rostratus sampled at two sites 1 
within the Mediterranean sea. Maturity scale are given as range based on five-point scale by 2 
Brown-Peterson et al., (2011) 
27 
3 
Site Sex Depth (m) Maturity N Size (mm) 
Catalan slope (CS) F 1500 2-4 9 326 ± 15 
 M 1500 2-4 10 302 ± 7 
Western Mediterranean (WM) F 1200 2-4 5 320 ± 24 
 M 2000 1-3 6 223 ± 17 
 4 
 5 
Table 2 Biliary metabolites detected in Alepocephalus rostratus at two sampling sites within the 
Western Mediterranean basin: Catalan slope (CS) and western Mediterranean (WM). Values 
represent mean (ng/g bile) ± S.E.M. (min.-max.). Asterisk denotes significant difference between 
sites based on Student’s t-test (p < 0.05). 
Bile metabolite CS (n = 16) WM (n = 9) 
1-naphthol 74.4 ± 8.2 (15.5 - 122.3) 107.7  ± 26.6 (33.9 - 287.3) 
2-naphthol 1.7  ± 0.5 (n.d. - 3.5) 3.2  ± 0.6 (n.d. - 6.0) 
9-fluorenol 4.1  ± 0.7 (n.d. - 7.7) 5.5  ± 0.6 (3.7 - 8.3) 
9-phenanthrol n.d. n.d. 
1-pyrenol 0.6  ± 0.3 (n.d. - 4.6) n.d. 
ΣOH-PAHs 80.9 ± 8.2 (21.1 - 122.3) 116.4 ± 27.4 (40.1 - 300.3) 
4-nonylphenol* 42.5 ± 5.8 (17.4 - 76.0) 67.1  ± 6.7 (42.3 - 102.7) 
4-tert-octylphenol* 7.9 ± 0.7 (4.9 - 15.1) 14.2 ± 0.8 (9.5 - 17.3) 
 6 
 7 
 8 
 9 
Table 3 Spearman rank correlations between mRNA levels of 5 different biomarker genes in male 
(underlined) and female A. rostratus 
Gene CYP1A CAT Cu/Zn-SOD GR Vtg 
CYP1A  ρ = 0.78*** ρ = 0.71** ρ = 0.55* ρ = 0.63*** 
CAT ρ = 0.78**  ρ = 0.76*** ρ = 0.61* ρ = 0.69** 
Cu/Zn-SOD n.s. ρ = 0.86 ***  ρ = 0.81 *** ρ = 0.78*** 
GR n.s. ρ = 0.65 * ρ = 0.63 *  ρ = 0.56* 
Vtg n.s. n.s. n.s. n.s.  
* p<0.05; **p<0.01, ***p<0.001 
n.s. = not significant 
 10 
 11 
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Figure captions 1 
Fig. 1 Map of sampling sites within the Mediterranean Sea. The map was created using 2 
the Ocean Data View (ODV) software package by Schlitzer, R., Ocean Data View, 3 
http://odv.awi.de, 2010. 4 
Fig.2 Gene expression for female and male A. rostratus from the Catalan slope (CS) 5 
(M: n=10; F: n=9) and the Western Mediterranean (WM) (M: n=6; F: n=5) areas. 6 
Values shown are mean ± S.E.M. Asterisk denotes significant difference between sites 7 
(p < 0.05). 8 
Fig.3 Biomarker enzyme activities for female and male A. rostratus from the Catalan 9 
slope (CS) (M: n=10; F: n=9) and the Western Mediterranean (WM) (M: n=6; F: n=5) 10 
areas. Values shown are mean ± S.E.M. Asterisk denotes significant difference between 11 
sites (p < 0.05). 12 
 13 
  14 
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